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ABSTRACT
An ethanolamine base exchange enzyme has been assayed in the endoplasmic reticulum  (ER) 
of castor bean (Ricinus communis L. var. Hale) endosperm. The activity was maximal at 
ethanolamine concentrations o f 30 uM  in the presence o f 2 mM CaCl2. The optimum  pH was 
7.8 using HEPES buffer. U nder these conditions, the enzyme had a maximum enzyme 
velocity o f approxim ately 0.3 nmol h '1 m g '1 protein and an apparent Km  of 5.0 uM for 
ethanolamine. A maximum velocity o f approxim ately 1.7 nmol h '1 m g '1protein was obtained 
under sim ilar conditions with L -serine at about 400 uM in a serine base exchange reaction. 
The divalent cation requirem ent and optimal pH for the serine base exchange reaction were 
the same as those for the ethanolamine base exchange reaction. Ethanolam ine and serine were 
noncom petitive inhibitors o f the serine and ethanolamine base exchange enzymes, 
respectively.
The ethanolam ine base exchange enzyme was solubilized from  ER by using the zwitterionic 
detergen t, 3 -(3 -ch o lam id o p ro p y l)d im eth y l-am m o n io -2 -h y d ro x y l-l-p ro p an esu lfo n a te  
(CHAPSO). At 2 mM, CHAPSO was the most effective detergent for solubilizing the enzyme 
activity from the membrane. The CHAPSO solubilized enzyme was partially purified  by gel 
filtration chromatography. Attem pts at fu rther purification o f the enzyme were unsuccessful 
due to an irretrievable loss of activity. Reconstitution of gel filtration purif. 
activity was perform ed by the addition of exogenous phospholipids. A m ixture of soya 
phospholipids, asolectin, was most effective for the recovery of activity.
The ethanolam ine and serine base exchange enzymes were found to be localized on the 
lumenal side o f the ER m em brane, while CDP-ethanolam ine: 1,2 diacylglycerol 
ethanolam inephosphotransferase occurred on the cytoplasmic side. Most of 
phosphatidylethanolam ine form ed by the CDP-ethanolam ine pathway (70%) and base 
exchange reactions (80%) was found to be located in the outer surface of the membrane.
x
ABBREVIATIONS
CD P-Cho, cytidine diphosphate choline.
C D P-E tn, cytidine diphosphate ethanolamine.
CHAPSO, 3-(3-cholam idopropyl)dim ethylam m onio-2-hydroxyl-1 - 
propanesulfonate.
CMC, critical micelle concentrations.
CMP, cytidine monophosphate.
DAG, diacylglycerol.
D N P-PtdE tn , dinitrophenylphosphatidylethanolam ine.
ER , endoplasmic reticulum .
E tn, ethanolamine.





PtdE tn, phosphatidylethanolam ine.
PtdSer, phosphatidylserine.
TNBS, 2,4,6-trinitrobenzenesulfonic acid.




Lipids are recognized as im portant constituents o f all biological membranes and as playing 
a central role in the m olecular organization o f membranes. M embranes account for a 
considerable proportion of the cell mass, so that lipids, which make up 20-30% of the weight 
o f most mem branes, are m ajor constituents o f plants cell (1 ,2 ). However, membrane lipids 
have not only a structural role. The activities o f m em brane-bound enzymes are controlled by 
the extent and quality of the m em brane environm ent w ithin the membranes (3, 4).
Early studies on the mem brane lipids o f plants revealed that five m olecular types are 
dom inant: phosphatidy lcho line, phosphatidy l-e thano lam ine, phosphatidylinosito l,
phosphatidylserine, and phosphatidylglycerol (5, 6). In plants, phosphatidylethanolam ine is 
one of the two m ajor phospholipids, along with phosphatidyl-choline. For example 
phosphatidylcholine and phosphatidyl-ethanolam ine represent approxim ately 35% and 25%, 
respectively, of the total cell phospholipid of castor bean endosperm (7). Therefore regulation 
of phosphatidylethanolam ine synthesis and its distribution in membranes is o f importance to 
cell m aintenance and functioning.
T here are at least three d iffe ren t pathways for the biosynthesis o f phosphatidylethanolam ine 
(PtdEtn) in plant and animal tissues (Fig. 1). One of these, which represents a net de novo 
synthesis o f P tdEtn, depends on cytidine nucleotides and magnesium. This pathway 
has been characterized in animal (8), microorganism (9) and plant (10, 11) tissues. This 
enzyme, CDP-ethanolam ine: 1,2 diacylglycerol ethanolam inephosphotransferase, has been 
characterized in isolated ER fractions of castor bean endosperm and found to have a pH 
optim um  of 6.5 in the presence o f 3 mM MgCL the preferred  divalent cation, and a Km for 
CD P-ethanolam ine of 8.0 uM (11).
Phosphatidylethanolam ine may also be formed by the decarboxylation of phosphatidylserine. 
The presence o f this reaction is well studied in animal cells (12). However, in plants this 
reaction has not received much attention due to the low concentration of phosphatidylserine 
(13).
The th ird  pathway fo r P tdE tn  synthesis involves a calcium -stim ulated exchange of 
ethanolamine for the polar portion o f pre-existing phospholipids. Such reactions have been
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reported to occur in several mammalian tissues (14-17), but very little is known about them 
in plants. Vander and R ichardson (18) reported the incorporation o f e thanolam ine-1 ,2-UC 
into phosphatidylethanolam ine by a microsomal fraction from  etiolated pea seedlings. This 
enzyme system had a pH optim um  of 8.5 and no requirem ent for ATP, CTP or CMP could 
be dem onstrated. The Ca2+ requirem ent was not met by M g2+ or M n2+. Aside from  this report, 
there has been no other attem pt to identify  this reaction in plants.
The highest activity o f an ethanolam ine base exchange reaction was found in the microsomal 
fractions from  brain and liver o f rat. In these fractions, there also was a serine base exchange 
reaction which catalyzed the incorporation o f L -serine similarly to that for ethanolamine (14, 
19). Indeed, it is widely believed that this is the sole means o f synthesis o f phosphatidylserine 
in mammalian tissues (20). The question concerning the commonality of these incorporations 
has been an im portant problem. The participation o f more than one enzyme for these base 
exchange reactions has been suggested from  studies on the Ca2+ dependency (19, 21) and 
kinetic properties (15, 22). In order to solve this question it is necessary to purify  the base 
exchange enzymes.
The first successful solubilization of base exchange enzymes was achieved from  rat brain 
microsomal particles using the, zw itterionic detergent, M iranol H2M (21). Instability of the 
enzyme in the detergent solution prevented purification, however, and the removal of 
detergent caused the solubilized proteins to aggregate (21). On the other hand, these 
solubilized enzymes were later found to be stabilized by the exogenous addition of 
phospholipids (23). A serine base exchange enzyme was purified approxim ately 37-fold by 
Taki and K anfer (24). This fraction did not possess ethanolam ine exchange activity. An 
ethanolam ine base exchange enzyme from rat brain microsomes was enriched about 25-fold 
over the initial microsomal suspension, however, this fraction also catalyzed a serine base 
exchange reaction (25).
The location o f ethanolamine and serine base exchange enzymes has been examined in rat 
brain microsomes by examining susceptibilities to trypsin (26). N either enzyme was degraded 
by treatm ent of intact microsomes, and so they were concluded to be localized on the inner
surface of the vesicles. On the other hand, CDP-ethanolamine: 1,2 diacylglycerol 
ethanolam inephosphotransferase was found to be localized on the cytoplasmic side of 
microsomal vesicles (27)
The topographical distribution o f the ethanolamine base exchange reaction products also 
have been reported. Phosphatidylethanolam ine new ly-synthesized by base exchange reaction 
is asymmetrically distributed in the membranes, even though that enzyme is localized on the 
lumenal side of the membranes (28).
The possibility o f the presence o f an ethanolamine base exchange reaction in castor bean 
endosperm  was suggested by recent laboratory inhibitor studies o f phosphatidylcholine 
synthesis (29). Diethylethanolam ine is a supposed inhibitor o f the incorporation o f 
ethanolam inephosphate and cholinephosphate into phosphatidyl- ethanolamine and 
phosphatidylcholine, respectively. However, radioactivity appeared in phosphatidylcholine 
from  KC -ethanolam ine during diethylethanolam ine treatm ent. These results suggest the 
presence o f a base exchange reaction, and so we initiated an investigation into that possibility 
The objectives o f this investigation were three fold: (a) to evaluate the presence, capacity, 
and characteristics of the ethanolamine base exchange reaction, (b) to solubilize, reconstitute, 
and purify  the enzyme, and (c) to determ ine the bilayer distribution o f 
phosphatidylethanolam ine form ed by the base exchange reaction and compare it to that 
produced by ethanolaminephosphotransferases.
CHAPTER II





A base exchange reaction fo r synthesis of phosphatidylethanolam ine in the endoplasmic 
reticulum  o f castor bean (Ricinus comminus L. var. Hale) endosperm has been examined. The 
calculated M ichaelis-M enten constant o f  the enzyme for ethanolam ine was 5 uM and the 
optimal pH was 7.8 in the presence of 2 mM CaCl2. The incorporation o f ethanolamine was 
stim ulated by the inositol but not by the TV-monomethylethanolamine and N, N -d im ethyl- 
ethanolamine. L -serine also was incorporated under base exchange conditions to form 
phosphatidylserine, with a Km  fo r serine of 116 uM. Incorporation o f ethanolam ine was 
noncom petitively inhibited by serine and vice versa. The activity o f  the ethanolam ine base 
exchange enzyme was affected by several detergents, with the best activity being retained 




Phosphatidylethanolam ine (P tdE tn1) is the second most abundant phospholipid in most 
eukaryotic cell membranes (1). This phospholipid plays an im portant role in determ ining the 
chemical and physical properties of the membranes and m em brane proteins (2, 3). 
Phosphatidylethanolam ine may be synthesized by three d iffe ren t pathways:
(1) CDP-ethanolam ine + Diacylglycerol — > PtdEtn + CMP
(2) Phosphatidylserine — > P tdE tn + COz
(3) Phosphatidyl-X  + Ethanolam ine — > PtdE tn + X
The CD P-ethanolam ine (or nucleotide) pathway (reaction 1), catalyzed by CDP- 
ethanolamine: 1,2 diacylglycerol ethanolam ine-phosphotransferase (EC 2.7.8.1) generally 
predominates. It has been dem onstrated in animal tissues (4-6) and bacteria (7), and in plants 
has been reported from  tomato root (8), spinach leaves (9) and castor bean endosperm (10). 
The second reaction, phosphatidylserine decarboxylase, has been found in animal tissues (11), 
Escherichia coli (12) and Tetrahymena (13) as well as plants tissues (8, 14). The enzyme of 
this reaction, phosphatidylserine decarboxylase, has been studied from  all three organisms 
(11-14).
These enzymes lack a divalent cation requirem ent (11-14). The th ird  reaction is a Ca2+ 
requiring ethanolam ine exchange for an existing phospholipid headgroup. This enzyme has 
been the object o f several studies using mammals (15-18). Recently Suzuki and K anfer (19) 
purified this enzyme from  rat brain microsome approxim ately 25-fo ld , and characterized it. 
The enzyme also has been described from  pea microsomes by Vander and R ichardson (20). 
They reported that microsomal suspensions catalyzed incorporation of ethanolam ine, serine, 
and choline into phospholipids, as well as the decarboxylation o f serine . The incorporation 
of bases and the decarboxylation of serine was stim ulated in the presence o f calcium.
1 .Abbreviations: P tdE tn, phosphatidylethanolam ine; PtdCho, phosphatidylcholine; OGP, octyl-B - 
D-glucopyranoside; ER, endoplasmic reticulum ; CHAPSO, 3-(3-cholam idopropyl)dim ethyl- 
am m onio-2-hydroxyl-1 -propanesulfonate.
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In our laboratory a recent inhibitor study showed that there was incorporation of 
[u C ]ethanolam ine into phosphatidylcholine (P tdC ho) during  trea tm en t w ith 
diethylethanolam ine, which inhibited the incorporation o f ethanolam ine and 
cholinephosphates into PtdCho. These results suggested the presence o f base exchange 
reactions and a possible role o f the m ethylation pathway in PtdCho synthesis in castor bean 
endosperm  (21). The purpose o f the present work was to confirm  the presence o f the reaction 
in castor bean endosperm , determ ine its capacity, and characterize this ethanolam ine base 
exchange enzyme.
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M ATERIALS AND METHODS
M aterials. [ l ,2 - 14C]Ethanolamine hydrochloride (38 m Ci/m m ol) and [3 -14C]L-serine (57 
m Ci/m m ol) were obtained from  ICN. The sucrose was from  E.M. Science and CHAPSO from 
Calbiochem. All other organic compounds were purchased from  Sigma Chemical Co.
P lan t m aterials. Seeds o f castor bean (Ricinus communis L. var. Hale) endosperm were 
removed from  their seedcoats, surface sterilized in 10% bleach (5.25% hypochlorite) for 90 
sec, and planted in moist verm iculite contained in preparation dishes. They were germinated 
and grown at 30°C for 3 days.
Hom ogenization of tissue. This procedure was similar to the methods described previously 
(22). T hirty  endosperm halves were removed from  3-day-old  seedlings, rinsed in distilled 
water and placed in a petri dish on ice. They were chopped (2 strokes/sec) for 15 min with 
a single razor blade in 11 mL of homogenization medium containing 150 mM Tricine buffer 
(pH 7.5), 10 mM KC1, 1 mM MgCl2, 1 mM EDTA, 1 mM DTT, and 0.5 mM sucrose. The 
crude homogenate was filtered through two layers of Dacron cloth.
Fractionation of cellular components. Five mL o f the filtered homogenate were layered 
onto the top of a gradient contained in a 37.5 mL centrifuge tube. The gradient was composed 
of: (a) a 2.0 mL cushion of 2.25 M sucrose, (b) 20 mL o f sucrose solution decreasing linearly 
in concentration from  2.25 M to 1.0 M and (c)
a 10-mL layer o f 0.6 M sucrose. All gradient solutions were prepared in 3 mM EDTA (pH 
7.5). The gradients were centrifuged at 20,000 rpm  in a Sorvall AH -629 rotor with a Sorvall 
OTD-65B ultracentrifuge for 3 hours.
Enzyme assays. The ethanolamine and serine exchange assay was based on the method of 
Raghavan et al (16) and Moore (23). The standard incubation medium for the incorporation 
o f [14C] ethanolamine into a chloroform -soluble fraction consisted o f 200 mM HEPES buffer 
(pH 7.8), 2 mM CaCl2, and 0.01 mM [2 -u C]ethanolamine hydrochloride (2.4 m Ci/m m ol) in 
a final volume of 0.5 mL. The incubation medium fo r the incorporation of 14C-serine 
consisted o f 40 mM HEPES b u ffer (pH 7.8), 2 mM CaCl2 and 0.4 mM [u C -3]-L -serine (5
m Ci/m m ol)in a final volume 0.5 mL (23). The reactions were started by the addition of 150 
to 200 ug o f endoplasmic reticulum  fraction, usually incubated for 1 hr at 30°C, and stopped 
by adding 3.3 mL chloroform:methanol:water (1:2:0.3, v/v). The lipids were extracted by the 
m ethod o f Bligh and Dyer (24). The radioactivity o f the chloroform  fraction was determ ined 
by drying the chloroform  extract in a 3 mL scintillation vial, followed by the addition o f 2.5 
mL o f Betacount scintillation solution (J.T. Baker) and measuring radioactivity in a Beckman 
LS-8000 scintillation counter.
C hrom atography. The products of the reactions were identified  by th in-layer 
chrom atography with known standards. The chloroform  soluble products were applied to 250 
um thick Silica Gel G TLC plates (Analtech, Inc.) and chrom atographed in two dimensions 
(25) with: (a) chloroform -m ethanol-7N  ammonium hydroxide (70:30:5, v /v ), and (b) 
chloroform -m ethanol-acetic acid-w ater (25:15:4:2, v/v).
Protein determ ination. Protein was determ ined by the method o f Bradford (26).
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RESULTS
G eneral requirem ents. The activity under the standard assay conditions exhibited a linear 
increase in product form ed with increasing amounts of added endoplasmic reticulum  protein 
(Fig. 1A). The rate of phosphatidylethanolam ine synthesis also increased linearly with time 
up to 75 min (Fig. IB).
The general requirem ents for synthesis of phosphatidyl-ethanolam ine by the exchange 
reaction are given in Table I. Boiled endoplasmic reticulum  completely lost activity. In 
previously described exchange reactions Caz+ was an absolute requirem ent (27), and the same 
appears to hold true for this activity. Ethanolam ine incorporation was inhibited  about 30% 
by 1 mM L -serine, but the same concentration o f D -serine was stim ulatory. In the presence 
of 1 mM N, N -dim ethylethanolam ine, incorporation o f ethanolamine also was inhibited by 
30%, while N -m onom ethylethanolam ine reduced incorporation of ethanolam ine by only 20%. 
Addition o f unlabelled 1 mM ethanolamine yielded an 86% inhibition o f isotope 
incorporation, while choline at the same concentration inhibited incorporation of UC- 
ethanolamine into the products by only 11%. Inositol increased incorporation o f 14C- 
ethanolamine to the products by 8%.
Identification of product. The two-dim ensional system of thin layer chrom atograph results 
showed that'm ore than 91% of the radiolabel was found in phosphatidylethanolam ine.
Cation and pH  specificity. The results summarized in Figure 2 show the requirem ent for 
divalent cations in the ethanolamine base exchange reaction. Calcium was strongly preferred 
over other cations tested, with an optimal concentration of about 2 mM (Fig. 2A). A low rate 
o f ethanolam ine incorporation was observed in the presence o f Mg2+ and M n2+, but was 
reduced by 75% to 85% when com pared to Ca2+ (Fig. 2B). The effect o f pH on ethanolamine 
incorporation is presented in F igure 3. The optimal pH fo r the enzyme activity was 7.in 200 
mM HEPES b uffer (Fig. 3).
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Figure 1A. E ffect of increasing protein concentrations on the ethanolam ine base exchange 
reaction. Results are the average of three experim ents.
Figure IB. E ffect of increasing time on ethanolamine incorporation by the base exchange 


























Table I. General requirem ents for the synthesis o f phosphatidylethanolam ine by the 






+ D-Serine, ImM 114
+ L-Serine, ImM 69
+ Choline, ImM 89
+ Ethanolam ine, ImM 14
+ Inositol, ImM 108
+ N -m onom ethylethanolam ine, 1 mM 79
+ N,  N -dim ethylethanolam ine, 1 mM 69
Reaction mixtures and assay were as described in M aterials and M ethods except for the 
variations indicated. The data represent the average o f four experiments.
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Substrate requirem ents. The ethanolamine base exchange enzyme achieved a maximum 
velocity of approxim ately 0.3 nmol h '1 m g '1 protein, which was attained at an ethanolamine 
concentration o f about 30 uM (Fig. 4). The Km  for ethanolamine, calculated from  a double­
reciprocal plot, was 5.0 uM (Fig. 4A). Serine decreased the Vmax for ethanolamine with no 
effect on the K m  (Fig. 4B).
D etergent effects. The effects on the ethanolamine exchange o f adding various detergents 
at their critical micelle concentrations (CMCs) are summarized in Table II. The enzyme 
activity increased in the presence of the zwitterionic detergent CHAPSO by 20%. By contrast, 
the non-ionic detergent, T riton X -100, reduced the activity almost 35%. Digitonin, OGP and 
sodium cholate had no significant effect.
4
Serine base exchange reaction. A maximum velocity of approxim ately 1.7 nmol h mg
4
protein was obtained with serine about 400 uM in an assay of serine base exchange activity 
(Fig. 5). E thanolam ine decreased the maximum velocity for serine with no effect on the Km, 
which was 116 uM (Fig. 5A, 5B).
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Figure 2. E ffects of divalent cations on the incorporation o f ethanolamine to form 

























Figure 3. Ethanolam ine base exchange enzyme activity as a function o f pH in MES, HEPES 

















Figure 4. E ffect o f increasing ethanolamine concentrations on the form ation of 
phosphatidylethanolam ine, determ ination o f the Michaelis constant (inset A), and the effect 
of nonradioactive serine on the incorporation o f ethanolamine by the base exchange 
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Table II. The effects o f  detergents on the ethanolamine base exchange enzyme 
activity. Concentrations are the approxim ate critical micelle concentrations for each 






Sodium cholate 8.0 101.4




The experim ent was perform ed in standard assay condition given in M aterials and 
M ethods except that detergent was varied as shown. All data represent the average of 
three experiments.
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Figure 5. E ffect of increasing L -serine concentrations on the form ation of 
phosphatidylserine, determ ination of the M ichaelis constant (inset A), and the effect of 
nonradioactive ethanolamine on the incorporation o f serine by a serine base exchange reaction 
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This work demonstrates the presence in castor bean endosperm  o f a calcium stimulated 
enzyme which catalyzes the incorporation of ethanolamine into phospholipid in apparent 
exchange for an existing headgroup. In plants, a serine base exchange has been reported from 
castor bean endosperm (23) and ethanolamine exchange from  pea seedlings (20). There is 
considerable evidence for such an ethanolam ine-requiring exchange reaction in animal cell. 
Gaiti et al established the Ca2+ requirem ent fo r that reaction (27), while Bjerve studied 
kinetic properties in rat microsomes (28). Recently Suzuki and K anfer (19) purified  this base 
exchange enzyme 25-fold from ra t brain microsomes.
The strong requirem ent for Ca2+ for the ethanolamine exchange is similar to the enzyme 
from  animal cells (27, 28). The optimal Ca2+ concentration fo r ethanolamine incorporation 
was 2 mM, which is the same found for the maximum serine exchange described earlier (23). 
The maximum incorporation of 14C -ethanolam ine occurred at 2.9 mM Ca2+ in pea seedling 
microsomes. Suzuki and K anfer found optimal Ca2+ concentrations for ethanolamine and 
serine incorporation o f 8 mM and 10 mM, respectively, in rat brain microsomes (19). Bjerve 
reported that at pH 7.5, 4 mM Ca2+ was optimal for the incorporation of both ethanolamine 
and serine in rat liver microsomes, but the optimal Ca2+ concentration was found to increase 
w ith decreasing pH and vice versa (28). The optimal pH differed  only slightly between 
castor bean endoplasmic reticulum  and rat brain microsomes (19).
The optimal conditions for ethanolamine and serine base exchange reactions in the present 
system are similar to those of a previously reported serine base exchange reaction (23). In that 
report the serine base exchange enzyme are maximum activity in 2 mM Ca2+ at pH 7.8. Also 
L -serine was the preferred  optical isomer.
It is not clear w hether or not the incorporation o f ethanolamine and serine into phospholipid 
is catalyzed by the same or separate enzymes in castor bean. However, there are no m ajor 
differences in general enzyme properties for the two d ifferen t substrates other than that the 
affin ity  of the enzyme(s) fo r ethanolamine (Km=5 uM) was m uch stronger than that for
28
serine (K m =l 16 uM). The same Ca2+ concentration and pH were required for the maximum 
incorporation o f ethanolamine and serine. These results might suggest that a single enzyme 
is involved, and that ethanolamine is the strongly preferred  substrate. On the other hand, L - 
serine is not a com petitive inhibitor o f ethanolamine incorporation, and indeed is 
noncom petitive, which indicates that the substrate and inhibitor bind to d iffe ren t sites. These 
substrates were com petitive inhibitors of the enzymes from rat brain microsomes (19), while 
in rat liver the ethanolamine was a com petitive inhibitor o f serine incorporation and serine 
was a noncom petitive inhibitor of ethanol-am ine incorporation (28). Thus, no direct 
comparisons are possible at this time. A ltogether the data suggest the possibility o f d ifferen t 
enzymes for the two exchange reactions, but this cannot be resolved w ithout separation o f the 
two enzymes. U nfortunately, attem pts to purify  the ethanolamine exchange enzyme have been 
unsuccessful due to a rapid loss o f activity following solubilization (chapter III).
The physiological role of ethanolamine and serine base exchange reactions is not clear. One 
possibility may be as a mechanism for a rapid change of membrane phospholipid composition 
as a result o f d ifferen t chemical and physical influence o f cell. D irect evidence for this is 
lacking, however.
29
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CHAPTER III
PARTIA L SOLUBILIZATION AND FUNCTIONAL RECONSTITUTION OF AN 




A procedure has been developed for partial solubilization and reconstitution of an 
ethanolam ine base exchange enzyme, which occurs tightly bound to the endoplasmic 
reticulum  (ER) o f castor bean (Ricinus communis L. var Hale) endosperm. The enzyme was 
solubilized from  ER membrane by 2 mM of the zw itterionic detergent, 3-(3- 
cholam idopropyl)dim ethylam m onio-2-hydroxyl-1 -propanesulfonate (CHAPSO). The 
CHAPSO solubilized enzyme was partially purified  by Sepharose CL-4B gel filtration column 
chrom atography. Several procedures for reconstitution o f the partially purified  enzyme from 
gel filtration column were examined. The most effective functional reconstitution was 
obtained by exogenously added phospholipids, particularly asolectin, which provided a 40% 
recovery o f initial activity from  the gel filtration.
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INTRODUCTION
The details o f an ethanolamine base exchange reaction for the biosynthesis of 
phosphatidylethanolam ine (P tdE tn1) have only recently been described in plants (1). Most 
available inform ation has been obtained using mammalian cells (2-4). This reaction catalyzes 
the exchange of free ethanolamine with the head group o f preexisting phospholipids. The 
optim um  pH for incorporation o f ethanolamine was found to be pH 7.0 with 8.0 mM CaCl2 
in rat brain microsomes (5).
In chapter I we described characteristics of this enzyme from  castor bean endosperm and 
found them to be very similar to those of a serine base exchange reaction (6). Both base 
exchange reactions absolutely required calcium and had the same optimal pH (pH 7.8) for 
their reactions. It has not, however, been established whether a single enzyme is responsible 
for catalyzing the incorporation o f the two d iffe ren t substrates, or whether separate enzyme 
are involved. Enzyme purifications are a necessary step for resolving this question.
The first purification of base exchange enzymes was reported by Taki and K anfer (7). They 
reported a 37-fold partial purification o f a serine base exchange enzyme devoid of choline 
and ethanolamine base exchange enzyme in rat brain tissue. Satio et al.{8) solubilized 
an ethanolam ine base exchange enzyme from  rat brain tissue using the zw itterionic detergent 
M iranol H2M. A fter solubilization the activity of enzyme was dependent on exogenously 
added phospholipids. M iura and K anfer (2) also found an instability of the enzyme after 
solubilization. In the latter work the solubilized fraction was stable only in the presence of 
asolectin dispersions. Suzuki and K anfer (5) copurified M iranol H2M solubilized 
ethanolam ine and serine base exchange enzymes from  rat brain microsomes approxim ately 
25-fold. The molecular weight o f  their enzyme was about 100 KDa as determ ined by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
This paper describes the solubilization and partial purification of an ethanolamine base
1. Abbreviations: P tdE tn, phosphatidylethanolam ine; ER , endoplasmic reticulum; CHAPSO, 
3-(3-cholam idopropyl)- dim ethylam m onio-2-hydroxyl-1 -propanesulfonate.
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exchange enzyme from  ER of castor bean endosperm and defines the best conditions for 
recovery o f activity of the enzyme.
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M ATERIALS AND METHODS
M aterials. CHAPSO and octyl glucoside were purchased from  Calbiochem. Sepharose C L- 
4B was obtained from  Pharmacia. Asolectin (Soya phospholipids) and phospholipids were 
from  Sigma. The radioactive [2 -u C]ethanolamine hydrochloride (57.3 m Ci/m m ol) was from 
Amersham. All chemicals were reagent grade.
Seeds of castor bean (Ricinus comminus L. var Hale) endosperm  were removed and 
sterilized. They were germ inated in moist verm iculite for 3 days at 30°C in the dark as 
previously described (9).
Tissue hom ogenization and isolation of ER. Castor bean endosperm  halves were 
homogenized and the ER bands isolated on linear sucrose density gradients according to 
methods described previously (9; see chapter I).
Base exchange enzyme assay. The enzyme usually was assayed in an incubation m ixture 
containing 200 mM HEPES b uffer (pH 7.8), 2 mM CaCl2, 0.01 mM [2 -u C]ethanolamine (2.4 
m Ci/m m ol) and up to 150 ug o f the enzyme. The final volume was adjusted to 0.5 mL. 
Variations in this incubation medium were as indicated in the text and figure legends. 
Incubation was carried out in a water bath at 30°C for 30 min. The reaction was term inated 
by adding 3.3 mL o f chloroform -m ethanol-w ater (1:2:0.3, v /v). The lipids were extracted 
according to the method of Bligh and Dyer (10) and the radioactivity was determ ined in 
Ready Safe scintillation cocktail (Beckman) with a Beckman LS-8000 scintillation counter.
Preparation of m icrodispersion. M icrodispersions o f asolectin and the individual 
phospholipid phosphatidylcholine (from soybean), phosphatidylethanolam ine (from  egg yolk), 
phosphtidylserine (from  bovine brain) and phosphatidylinositol (from  soybean), were 
accomplished in b u ife r (10 mM HEPES, 1 mM EDTA, pH 7.8) by sonication for 5 min using 
a Laboratory Supplies, Inc. bath-type sonicator at 600 volts, 80 K c, 5 Amp, and followed by 
dialysis (MWCO 12000-14000) overnight w ith the same b u ffer at 4°C. The solution was 
centrifuged at 105000g for 30 min at 4°C and the resultant supernatant used in the 
experim ents (11).
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Solubilization of enzyme. Enzyme was solubilized from  endoplasmic reticulum  membranes 
according to three separate procedures (16). These were:
M ethod [A]: The ER  fraction containing protein concentration o f 4 mg per mL mixed with 
equal volume o f solution composed o f 200 mM HEPES (pH 7.8), 20% glycerol (v /v ), 1 mM 
KC1 and variable concentrations o f detergent, and incubated on ice fo r 30 min. This 
suspension was centrifuged at 105000g for 2 hr. The resulting supernatant was designated as 
the solubilized fraction.
M ethod [B]: The ER  fraction was dialyzed overnight against 200 mM HEPES (pH 7.8), 1 mM 
EDTA solution. This dialyzed ER fraction was followed by method [A]
M ethod [C]: The ER fraction was suspended in 200 mM HEPES b u ffer (pH 7.8) and 
centrifuged at 105000g for 1 hr. The supernatant was
discarded and the pellets were resuspended in 200 mM HEPES (pH 7.8), 20% glycerol (v /v), 
1 mM KC1, detergent (CHAPSO or octyl glucoside) and m aintained in an ice bath fo r 30 min. 
This suspension was centrifuged at 105000g for 1 hr and the supernatant used as the 
solubilized fraction.
Sepharose C L-4B  column chrom atography. The detergent-solubilized suspension was 
applied to a Sepharose CL-4B column (1.0 x 25 cm) previously equilibrated w ith 3 column 
volumes o f 200 mM HEPES (pH 7.8), 20% glycerol (v /v ), and 1 mM EDTA. The column was 
eluted with the same solution. In some cases the elution b u ffer included a detergent. Fractions 
were assayed for base exchange activity and protein.
P reparation of liposomes. The asolectin was weighed and dissolved to a final concentration 
o f 50 m g/m L in 10 mM HEPES (pH 7.8) and 1 mM EDTA. The suspension of asolectin was 
dialyzed at 4°C overnight against this buffer. This dialyzed suspension was centrifuged at 
105000g for 30 min; the supernatant was collected and then sonicated under a nitrogen 
atm osphere (12). The resulting liposomes were incubated with protein for 30 min at room 
tem perature with or w ithout o ther ingredients (divalent cations, CHAPSO) (13). An aliquot 
was assayed for enzyme activity. In some cases lipids extracted from  a castor bean ER 
fraction were substituted for asolectin.
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O ther analytical procedures. Proteins were measured by the method of Bradford (14). TLC 
was carried out as described by Hovet et at. (15).
39
RESULTS
Detergent solubilization. CHAPSO and octyl glucoside were tested fo r their abilities to 
solubilize the ethanolamine base exchange enzyme. CHAPSO was found to be most effective 
in solubilizing enzyme and yielded a better recovery o f activity (Table I). The specific 
activity w ith 2 mM CHAPSO was 2-fo ld  higher than with 25 mM octyl glucoside. Figure 1 
shows the ethanolamine base exchange activity which was obtained at various concentration 
of CHAPSO. A t 2 mM, CHAPSO solubilized about 40% o f the enzyme activity, whereas 
about 20% o f the membrane protein was extracted at the same detergent concentration. 
Increasing the concentration o f CHAPSO did not increase solubilized activity , but 85% of 
the m em brane protein was extracted at 10 mM CHAPSO. The activity of the CHAPSO 
solubilized fraction was stable fo r several weeks at -80°C.
Octyl glucoside yielded maximum solubilization of enzyme activity at 25 mM (Fig. 2). 
H igher concentrations of octyl glucoside yielded reduced enzyme activity.
Solubilization procedure. F igure 3 and Table II show the results o f the three solubilization 
procedures tested for the ethanolamine base exchange enzyme. When the solubilized extract 
from  the straightforw ard detergent treatm ent followed by ultracentrifugation (method A) was 
applied to the Sepharose CL-4B colum n, most o f the total base enzyme activity appeared in 
very early fractions with the m ajor protein peak (Fig. 4). Thus, it appeared that enzyme 
solubilization was incomplete. Dialysis overnight in 200 mM HEPES b u ffer followed by 
centrifugation at 105000g for 2 h r [method B] and twice resuspended ER  [method C] were 
effective for minimizing enzyme aggregation. M ethod [B] provided a greater solubilization 
o f the enzyme than that o f method [C], and so was the method o f choice. The solubilized 
fraction o f method [B] was directly  applied to the Sepharose CL-4B column fo r fu rther 
purification.
Sepharose C L-4B  column chrom atography. The solubilized fraction from  method [B] was 
applied directly to a Sepharose C L-4B  gel filtration column in order to purify  the enzyme. 
The elution profile for such a column is in Figure 5. CHAPSO-solubilized base exchange
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(nmol h'1 mg’1) (nmol h'1)
No 0.14+0.10 0.0092+0.0023 0.0013+0.0002
CHAPSO 2 mM 1.21+0.25 0.1454+0.0171 0.1759+0.0142




Figure 1. Percent solubilization o f  ethanolamine base exchange activity and membrane 
proteins with varying concentrations o f CHAPSO. Symbols:(a) enzyme activity, (♦) protein. 
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Figure 2. Percent solubilization of ethanolamine base exchange activity and membrane 
proteins with varying concentrations o f octyl glucoside. Symbols:(o) enzyme activity, (♦ )  
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Figure 3. Scheme for the three d ifferen t methods for solubilization o f m em brane-bound 
ethanolamine base exchange enzyme from  castor bean endosperm ER.
M ethod A: The ER  fraction was mixed with a solution composed of 200 mM HEPES buffer 
(pH 7.8), 20% glycerol (v /v ), 1 mM K Cl,and CHAPSO, and then incubated an ice 30 min. 
This suspension was centrifuged at 105000g fo r 2hr. The supernatant was collected and used 
for determ ination of enzyme activities.
M ethod B: The ER fraction was dialyzed overnight against 200 mM HEPES buffer (pH 7.8) 
and 1 mM EDTA. The dialyzed ER  fraction was then treated by method A.
M ethod C: The ER fraction was suspended in 200 mM HEPES buffer(pH  7.8) and centrifuged 
at 105000g for 1 hr. The pellets were resuspended in 200 mM HEPES (pH 7.8), 20% glycerol 
(v /v ), 1 mM KC1 and CHAPSO, and were m aintained in an ice bath fo r 30 min. This 
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Table II. Solubilization o f the ethanolamine base
exchange enzyme by 2 mM CHAPSO with three d ifferen t methods.
Activity
M ethod Protein Specific Total
(mg) (nmol h '1 m g '1) (nmol h '1)
A 4.13±0.14 0.1621±0.0131 0.6695±0.0018
B 1.21+0.25 0.1454+0.0171 0.1759±0.0142
C 1.19±0.18 0.1327+0.0109 0.1579±0.0019
Results are expressed as the means o f 4-6  experim ents ±SD.
M ethod A: The ER fraction was mixed with a solution composed of 200 mM HEPES 
b u ffer (pH 7.8), 20% glycerol (v /v), 1 mM K Cl,and CHAPSO, and then incubated on 
ice for 30 min. This suspension was centrifuged at 105000g fo r 2hr. The supernatant 
was collected and used fo r determ ination of enzyme activities.
M ethod B: The ER  fraction was dialyzed overnight against 200 mM HEPES buffer 
(pH 7.8) and 1 mM EDTA. The dialyzed ER fraction was followed by m ethod A.
M ethod C: The ER fraction was suspended in 200 mM HEPES buffer(pH  7.8) and 
centrifuged at 105000g for 1 hr. The pellets were resuspended in 200 mM HEPES (pH 
7.8), 20% glycerol (v /v), 1 mM KC1 and CHAPSO, and were m aintained in an ice bath 
fo r 30 min. This suspension was centrifuged at 105000g fo r 1 hr and the supernatant 
used as the solubilized fraction.
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Figure 4. Sepharose CL-4B column profile of CHAPSO solubilized ethanolamine base 
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enzyme activity was recovered as a very broad, turbid peak in the presence o f detergent. 
U nder these conditions, most o f the proteins also were broadly spread over 10 fractions and 
largely overlapped the base exchange enzyme activities (Fig. 5A). The profile was changed 
in the absence of detergent in the elution buffer. U nder such conditions, most of the protein 
was eluted in earlier fractions as two m ajor protein peaks and enzyme activity eluted as a 
sharper peak (Fig. 5B). The total enzyme activity recovered from  the Sepharose CL-4B 
column was almost same whether w ith or w ithout detergent.
I f  the enzyme peak from  the Sepharose columns was concentrated and applied to a DEAE 
ion-exchange column, activity was lost completely.
Reconstitution. Attem pts were made to recover activity lostfollowing gel filtration by 
adding phospholipids to assay m ixtures containing peak column fractions. Table III shows the 
effects of the addition of various phospholipid to the assay m ixture. One mM 
phosphatidylcholine,phosphatidylethanolam ineandphosphatidylinositolincreasedtheenzym e 
activity approxim ately 40%, as did  the asolectin. Phosphatidylserine was ineffective. Figure 
6 shows the effects of d ifferen t asolectin concentrations on the recovery o f enzyme activity. 
One m g/m L  asolectin was the most effective fo r recovery of activity. There was a stimulation 
o f enzyme activity by low concentrations o f phosphatidylinositol, and inhibition at higher 
concentrations (Fig. 7).
A rtificial liposomes also were tested for reconstitution o f enzyme activity. The base 
exchange enzyme responded differen tly  to the various types of liposome (Table IV). A rtificial 
liposome composed o f only asolectin stimulated actively by 28%, and the addition o f low 
concentrations of magnesium result in slightly greater increases. On the other hand, addition 
o f calcium inhibited the activity. Small amounts o f detergent in the liposome m ixture also 
yielded a negative result. The use o f crude ER lipids in the place o f asolectin resulted in only 
a slight stim ulation over the controls. Generally, simple addition o f phospholipids to the assay 
m ixtures was more effective for stim ulating the activity than were artificial liposomes.
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Figure 5. Sepharose CL-4B column profiles of CHAPSO solubilized ethanolamine base 
exchange enzyme. The enzyme was solubilized from membrane by solubilization method [B]. 
(A) Elution b u ffer with 2 mM CHAPSO (B) Elution buffer w ithout detergent. Symbols: ( - )  












Table III. Effects of the addition of phospholipids to assay m ixtures on the recovery 








Solutions o f individual phospholipids were dried under a stream of nitrogen and 
suspended in 200 mM HEPES buffer. The suspensions were sonicated under a nitrogen 
atmosphere. This phospholipid m icrodispersion was added to the assay m ixtures (final 
concentration, 1 mM). The asolectin was prepared as described under M aterials and 
M ethods and added directly to the assay m ixture (final concentration, 1 m g/m L). 
Results are expressed as the means of three experim ents +SD.
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Figure 6. E ffects of d ifferen t asolectin concentrations on the recovery of ethanolamine base 
exchange enzyme activity following gel filtration chromatography. Results are the average 























Figure 7. Effects of d iffe ren t phosphatidylinositol concentrations on the recovery of 
ethanolamine base exchange enzyme activity following gel filtration chrom atography. Results 
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Table IV. Effects of d iffe ren t types of liposomes on the recovery of the ethanolamine 
base exchange reaction enzyme.




Asolectin + Mg2+ 0.5519+0.0509
Asolectin + Ca2+ 0.4214+0.0289
Asolectin + CHAPSO 0.4227+0.0392
ER Lipids 0.44 31±0.0411
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Table V. Purification o f the ethanolamine base exchange enzyme from  castor bean endosperm.
Activity
Treatment Protein Specific Total Recovery
mg nmol h'1 mg'1 nmol h’1 %
Untreated ER 6.41 0.3230 2.0704 100
CHAPSO solubilized 1.21 0.1454 0.1759 8.5
Sepharose CL-4B 0.05 0.4306 0.0215 1.0
Reconstitution 0.05 0.5941 0.0297 1.4
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DISCUSSION
In our previous paper (chapter I) we described the ethanolamine base exchange reaction in 
castor bean endosperm (1). In the present work efforts to solubilize and reconstitute this 
enzyme have been described.
Satio et al (8) used many detergents to extract mem brane bound base exchange enzymes 
from  rat microsomes. A zwitterionic detergent, M iranol H2M, was found to be the most 
favorable. In this procedure the solubilized enzyme showed a m arked dependency on 
exogenously added phospholipids for regeneration of its activity.
We solubilized the ethanolamine base exchange enzyme activity from  ER o f castor bean 
endosperm  through use o f another zwitterionic detergent, CHAPSO, a 2% solution containing 
1 mM KC1, 20% glycerol (v /v) in 200 mM HEPES buffer. CHAPSO has been reported to be 
effective in solubilizing membrane proteins in non-denaturing form  (16, 17).
The centrifugation step was im portant to minimize the aggregation of enzyme after 
detergent treatm ent in our study. In case of the solubilized activity obtained from  direct 
centrifugation of the ER fraction at 105000g for 2 hr, following by application to the 
Sepharose CL-4B gel filtration column, most o f enzyme activity eluted in the void volume 
with the m ajor protein peak. Therefore, base exchange reaction enzyme remained in the 
aggregated condition with o ther protein and phospholipids. However, dialysis of 200 mM 
HEPES buffer before the 2 hr centrifugation and resuspension of the ER  fraction were 
effective for solubilizing the enzyme. The enzyme activity required larger volumes o f buffer 
fo r elution when these solubilizing fractions were applied to a gel filtration column. Enzymes 
eluted in the void volume o f gel filtration  column are considered to be insoluble, whereas 
enzyme with larger elution volumes are thought to be soluble (18).
Passage o f CHAPSO solubilized ethanolamine base exchange reaction enzymes through 
Sepharose CL-4B columns in the presence o f detergent produced a more broad peak than in 
cases when detergent was om itted. Probably in the presence o f detergent more complex and 
heterogenous structure of micelles were formed.
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We tried many columns, including ion-exchange and affin ity , under d ifferen t conditions 
of elution buffers in attem pts to enrich the ethanolamine base exchange enzyme. All were 
w ithout success. In general, e ither the enzyme activity was lost or severe aggregated took 
place. The activity completely disappeared following DEAE cellulose ion-exchange and 
phenyl-sepharose-4B  column chromatography. The enzyme activity eluted from  Sepharose 
CL-4B column was less than 10% of activity applied.
Many membrane enzymes have been reported to be reconstituted by exogenous 
phospholipids (19, 20). In our work, the best reactivation was obtained by adding asolectin 
to the assay m ixture (Table III).
A nother m em brane-bound enzyme from  plants, glucan synthase from  red 
beet plasma (17, 21), showed a sim ilar functional reconstitution in the presence of asolectin. 
Eytan et al. (13, 22, 23) reported that some isolated m itochondrial mem brane enzymes; 
cytochrome oxidase, QH2-cytochrom e c reductase and ATPase; incorporated preform ed 
liposomes and regained normal activity. The ethanolam ine base exchange enzyme activity 
could be partially reconstituted in preform ed liposomes (Table IV) w ith the degree of 
reconstitution being dependent on the composition of the liposomes. The asolectin plus Mgz+ 
liposomes yielded the best stim ulation of enzyme activity.
The role o f asolectin in the functional reconstitution o f CHAPSO solubilized enzyme is not 
clear. Asolectin contains over 50% positively charged phospholipids (16). Wasserman (21) 
reported that cation phospholipids have been shown to be effective activators of T riton-X  
100 solubilizing glucan synthase. Thus, it is possible that the role of the asolectin is in 
electrostatic interaction with the enzyme. Further investigations are needed in order to 
determ ine what components of asolectin are im portant for reconstitution o f the solubilized 
ethanolamine base exchange enzyme.
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CHAPTER IV
BILAYER DISTRIBUTION OF PHOSPHATIDYLETHANOLAM INE 





The bilayer distribution o f phosphatidylethanolam ine (PtdEtn) in the endoplasmic reticulum 
(ER) o f castor bean (Ricinus communis L. var Hale) endosperm following synthesis by the 
CDP-ethanolam ine: 1,2 diacylglycerol ethanolam inephosphotransferase and base exchange 
reactions has been studied. Two chemical probes, l-fluo ro -2 ,4 -d in itrobenzene (FDNB) and 
2,4,6-trinitrobenzenesulfonic acid (TNBS), which covalently bound to the free amino groups, 
were utilized. The ER membranes were im perm eable to TNBS at 4° and 25°C, while being 
permeable to FDNB at both tem peratures. FDNB treatm ent of the PtdEtn form ed by the base 
exchange reaction transform ed 92% of the PtdE tn into D N P-PtdEtn; 80% of the PtdEtn 
reacted with TNBS. Thus, at least 80% of the PtdEtn radiolabeled by the base exchange 
reaction was localized in the outer leaflet of the mem brane, with about 12% occurring on the 
inner leaflet and about 8% being inaccessible. For PtdE tn form ed by the CD P-ethanolam ine 
pathway, 85% reacted with FDNB and 70% with TNBS. This may be interpreted as being at 
least 70% produced to the cytoplasmic face of the ER , 15% to the lumen side. F ifteen percent 
o f the PtdE tn molecule was not accessible to the probes. There was no d ifference in label 
distribution at e ither 4° or 25°C.
The sensitivity of the ethanolamine and serine base exchange enzymes, and 
ethanolam inephosphotransferase, to trypsin also was tested. Both base exchange enzymes 
retained activity following treatm ent with trypsin, but the activity o f the 
ethanolam inephosphotransferase totally disappeared afte r trypsin treatm ent. This raises the 
possibility that both base exchange enzymes are localized on the lumenal side o f the ER, 
while CDP-ethanolam ine: 1,2 diacylglycerol ethanolam inephosphotransferase is on the outer 
or cytoplasmic side. Such a result is d ifficu lt to reconcile with the final phospholipid 
distributions and the presumed sources o f the w ater-soluble substrates.
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INTRODUCTION
There are many lines o f evidence for an asymmetric distribution of phospholipids in the 
bilayers o f biological membranes. For exam ple1, in castor bean endoplasmic reticulum  (ER), 
52% o f the phosphatidylcholine (PtdCho) and 65% o f the phosphatidyl-ethanolam ine (PtdEtn) 
have been found in the outer or cytoplasmic side o f the mem brane, but only 20% of the 
PtdCho and 15% of the PtdEtn exist in the inner. The rem ainder, 28% of the PtdCho and 20% 
of the P tdE tn, are inaccessible to the probes, probably due to interactions with m em brane- 
bound proteins (1). Such an uneven distribution o f phospholipids in membranes has been 
observed in hum an red blood cells (2), rat liver organelle membranes (3), bacterial cells (4), 
and viral membranes (5).
It has been reported that large portions o f the PtdEtn were located on the cytoplasmic side 
o f rat microsomes (6). The locations of key enzymes for the biosynthesis of P tdEtn were 
obtained by utilizing protease treatm ents (7). The ethanolam ine-phosphotransferase (EC 
2.7.8.1) was found to be localized on the cytoplasmic side, while the base exchange enzyme 
was localized on the lumenal side of rat microsomes. Recently, Corazzi et al. (8) 
found that most o f the PtdEtn form ed by the base exchange reaction was in the outer leaflet 
o f membranes in rat microsomes.
The asymmetry o f phospholipids in membranes can provide differential chemical and 
physical environm ents for each layer and specific lipids for the m em brane-bound enzymes 
(9, 10). This asymmetric distribution may be an im portant factor for the control of biological 
membranes function. The molecular mechanism responsible for producing and m aintaining 
asymmetric distribution o f phospholipids in biological membranes is not clear. The asymmetry 
may be introduced during the biosynthetic step by unequal syntheses, or, following 
biosynthesis, by redistribution. F lip -flop , or diffusion of the lipid molecule across the 
membrane through the lipid layer, could create a lipid asymmetry in a membrane (11). Lipid
1. Abbreviations: PtdCho, phosphatidylcholine; P tdE tn, phosphtidylethanolamine;
ER, endoplasmic reticulum; TNBS, 2,4,6-trinitrobenzenesulfonic acid; FDNB,
l-fluoro-2 ,4 -d in itrobenzene; D N P-PtdEtn, dinitrophenyl- 
phosphatidylethanolam ine; T N P-PtdE tn, trin itrophenyl- phosphatidylethanolamine.
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asym m etry also arises from  protein-m ediated  lipid transfer (10).
Hydrolysis o f the membrane phospholipids by phospholipases and m odification o f the amino 
group o f phospholipids with chemical reagents have been useful tools for studying their 
organization w ithin the m em brane (5 ,12-14). The purified  phospholipases, which are capable 
o f cleaving lipids, are useful since these enzymes do not penetrate the membranes and react 
only with the outer monolayer of membrane molecule (12, 13). The purification  of 
phospholipases is im portant because nonenzymatic lytic factor or o ther enzymatic activities 
could be present and alter the original membrane structure (12, 14). TNBS and FDNB have 
been used as reagent for assessing am inophospholipid distributions in membranes. When using 
the chemical probes, the supposedly impermeable because its charged sulfonic group reagent 
TNBS sometimes penetrates the m em brane, and so it is essential to establish conditions under 
which this perm eability is lim ited as much as possible (5, 12, 15).
In the work reported here, we studied the effects o f trypsin treatm ent o f endoplasmic 
reticulum  vesicles and the reaction o f P tdEtn molecules with chemical probes in order to 
determ ine the topographical relationships of P tdEtn synthesis enzymes and their products.
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M ATERIALS AND METHODS
M aterial. [2 -u C]Ethanolamine hydrochloride (57.3 m Ci/m m ol) was from Amersham. [3- 
UC]L-Serine (57 m Ci/m m ol) and [ethanolam ine-1 ,2 -14C] CD P-ethanolam ine (51 m Ci/m m ol) 
were from  ICN. The FDNB, trypsin, and trypsin inhibitor were obtained from  Sigma. TNBS 
was from  Pierce and sucrose from  E.M. Science. The TLC plates were from  Analtec. All 
chemicals were o f reagent grade or better.
P lan t m aterial. Seeds of castor bean (Ricinus communis L. var Hale) endosperm were 
removed from  their seedcoats and sterilized in 10% bleach (5.25% hypochlorite) for 90 sec. 
They were germ inated at 30°C in moist vermiculite for 3 days in the dark.
Hom ogenization of tissue. Thirty  endosperm halves were separated from  the seedlings, 
rinsed in distilled water and placed in a petri dish on ice. They were chopped with a single 
razor blade fo r 15 min in 11 mL o f homogenization medium containing 150 n • ;pH
7.5), 10 mM KC1, 1 mM MgCl2, 1 mM EDTA and 13% (w /w ) sucrose. The cruae nomogenate 
was filtered through two layers of Dacron cloth.
Density gradient centrifugation. This method was based on the previously reported 
techniques for m aintaining ribosomal association with castor bean ER  (16). The resulting 
vesicles m aintain their proper righ t-side-ou t orientation (16). Five mL o f the filtered 
homogenate were applied to the top of a sucrose density gradient contained in a 37.5 mL 
centrifuge tube. The gradient was composed of 20 mL o f sucrose solution decreasing linearly 
in concentration from  60 to 13% (w /w ) over a 10 mL cushion of 60% sucrose. All gradient 
solutions Contained 150 mM Tricine (pH 7.5), 10 mM KC1, 1 mM EDTA and 1 mM MgCl2. 
These gradient solution were centrifuged at 20,000 rpm  with a Sorvall AH-629 rotor in a 
Sorvall OTD-65B ultracentrifuge for 3 hours. These conditions have been reported to prevent 
the dissociation o f mem brane bound ribosomes (16), resulting in an increased density for the 
ER  band, and our prelim inary tests confirm ed these results. The ER was present in the 
1.14g/cm3 band.
Enzyme assays. CDP-ethanolam ine: l,2diacylglycerolethanolam ine-phosphotransferase was
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assayed as previously described (17). For the base exchange reactions, ethanolamine 
incorporation was measured in 200 mM HEPES buffer (pH 7.8), 2 mM CaCl2, and 0.01 mM 
[2 -1*C]ethanolamine hydrochloride (2.4 m Ci/m m ol), while fo r serine incorporation 40 mM 
HEPES b u ffer (pH7.8), 2mM CaCl2, and 0.4 mM [3 -14C] L -serine (5 m Ci/m m ol) comprised 
the standard assay medium. All assay solutions were prepared in 35% (w /w ) sucrose, iso- 
osmotic to the ER band on the gradients, in order to m aintain mem brane integrity. The 
reaction was started by adding 100-200 ug o f the ER fraction and the tubes were incubated 
fo r 30 min at 30°C fo r the base exchange enzymes and 37°C for 
ethanolam inephosphotransferase. The reaction was stopped adding 0.025 mL of 25 mM CdCl2 
(8 ).
Reaction with FDNB or TNBS. In most cases, after stopping the PtdE tn synthesis reaction, 
FDNB or TNBS contained in 35% sucrose and 5% NaHCOj at pH 8.1 were added (18). The 
reaction was conducted for the times, concentrations, and tem peratures indicated. In 
somecases 2% Triton X -100 (v /v ) was added in order to disrupt the mem brane and thereby 
estimate the total PtdEtn present (6).
Trypsin treatm ent. ER fractions (0.5 mg protein /m L ) were incubated with trypsin (100 
ug/m g ER  protein), 50 mM KC1, and 35% sucrose in 200 mM HEPES b uffer (pH7.8) at 30°C. 
The reaction was term inated by adding trypsin inhibitor (3 times the am ount o f trypsin 
present, w /w ) (12). A fter a 30 min incubation the solutions were centrifuged at 105000g for 
1 hour and the resulting pellets assayed for enzyme activity. In order to determ ine the 
sensitivity o f enzyme apparently on the lumenal side of the ER , the ER  was incubated in the 
presence o f 0.05% sodium deoxycholate, which increased accessibility of trypsin to the inner 
surface.
Extraction and analysis of lipids. The lipids were extracted by a method based on that of 
Bligh and Dyer (19). The final chloroform  extract was dried under nitrogen and the lipid 
residues were redissolved in chloroform :methanol (2:1, v /v ) for application to 250 uM silica 
gel G plates. The phospholipids were separated with chloroform -m ethanol-7N  NH^OH 
(70:30:5, v /v ) in the first dimension and chloroform -m ethanol-acetic acid-acetone-
water(70:15:15:30:7.5, v /v ) in the second. D N P-PtdEtn and TN P-PtdE tn were identified by 
their yellow color and PtdEtn was visualized with iodine vapors. The spots of P tdE tn, DNP- 
P tdE tn, and T N P-P tdE tn were scraped from  the plate for measuring radioactivity or the 
am ount of phosphorus.
Analyses. Phosphorus was estim ated by the method o f Duck-Chong (20). Protein was 
measured by the method o f Bradford (21).
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RESULTS
PtdE tn formed by base exchange. The results of reacting FDNB with PtdE tn formed by 
base exchange are shown in Figure 1. The form ation of D N P-PtdEtn depended on the initial 
concentration o f FDNB and approached a plateau at about 4 mM. At FDNB concentrations 
o f about 4 mM, about 92% o f the total P tdE tn reacted with the probe. A similar result was 
obtained with treatm ent of membranes which had been disrupted by detergent. The form ation 
o f T N P-P tdE tn , following reaction with TNBS (Fig.2), increased with increasing 
concentrations o f TNBS, but saturated at about 3 mM where about 80% o f the total PtdEtn 
had been transform ed into TN P-P tdE tn . The maximum amount o f P tdE tn transform ed into 
T N P-PtdE tn w ith detergent-d isrupted membranes also was reached at 3 mM TNBS with 
approxim ately 97% of the P tdE tn reacting.
P tdE tn formed by the C D P-ethanolam ine pathw ay. The results of labeling o f membrane 
PtdEtn form ed by the CDP-ethanolam ine pathway with FDNB are shown in Figure 3. The 
reaction o f PtdE tn with FDNB approached a plateau at 4 mM FDNB, with about 85% of the 
radiolabeled PtdE tn transform ed into DN P-PtdEtn. The reaction of PtdEtn with TNBS to 
form  T N P-PtdE tn fully saturated at 3 mM, with about 70% of the PtdEtn converted to TN P- 
PtdE tn (Fig.4). In detergent-treated  membranes, both FDNB and TNBS reacted with 98% 
of the mem brane PtdEtn form ed by the CDP-ethanolam ine pathway.
T otal P tdE tn in ER. The data in Figure 5 show that the maximum labeling o f total PtdEtn 
is reached at approxim ately 4 mM FDNB, with 86% of the total m em brane PtdEtn 
transform ed into D N P-PtdEtn. The reaction o f P tdEtn with TNBS approached a plateau at 
3 mM, with about 75% of the total PtdEtn reacted. Thus, it appears that at least 75% of the 
total P tdEtn was located in the outer surface o f the m embrane, and at least 11% o f the total 
P tdEtn occured in the inner surface. The remaining 14% was not accessible to the probes. In 
the presence o f detergent, 97% o f the total P tdEtn reacted with each probe.
T im e-dependence of T N P -P tdE tn  form ation. The tim e-dependence o f labeling membrane
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Figure 1. Reaction o f varying FDNB concentrations with PtdE tn in ER mem brane fractions 
form ed by the base exchange reaction. A fter the base exchange reaction, the ER  was 
incubated fo r 1 hour at 25°C with FDNB. ( • )  Am ount o f P tdE tn reacted with membrane 
disrupted by Triton X -100. (o) Am ount o f PtdEtn reacted with FDNB in intact membranes. 
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Figure 2. Reaction of varying TNBS concentrations with P tdE tn in ER  mem brane fractions 
form ed by the base exchange reaction. A fter the base exchange reaction, the ER was 
incubated fo r 1 hour at 25°C w ith TNBS. ( • )  Am ount o f P tdE tn reacted with membrane 
disrupted by Triton X -100. (o) A m ount o f PtdE tn reacted w ith TNBS in intact membranes. 





















Figure 3. Reaction o f varying FDNB concentrations with PtdEtn in ER m em brane fractions 
form ed by the CD P-ethanolam ine pathway. A fter the CD P-ethanolam ine pathway reaction, 
the ER  was incubated for 1 hour at 25°C with FDNB. ( • )  Am ount o f P tdE tn reacted with 
m em brane disrupted by Triton X -100. (©) Am ount o f P tdE tn reacted with FDNB in intact 




















Figure 4. Reaction o f varying TNBS concentrations with PtdE tn in ER mem brane fractions 
form ed by the CDP-ethanolam ine pathway. A fter the CDP-ethanolam ine pathway reaction, 
the ER was incubated for 1 hour at 25°C with TNBS. ( • )  Am ount o f  P tdEtn reacted with 
mem brane disrupted by Triton X -100. (o ) Am ount o f PtdE tn reacted with TNBS in intact 
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PtdEtn with TNBS is shown in Figure 6. In the case of both the base exchange and 
nucleotide pathways, afte r 1 hour the radiolabeled PtdEtn molecules reached a maximum with 
TNBS and did not change for up to 4 hours. Thus, it appears that the ER membrane was 
stable under the conditions used.
T em perature-dependence of T N P -P tdE tn  form ation. Figure 7 shows the tem perature 
dependence of the reaction o f m em brane PtdEtn with TNBS. Similar responses were obtained 
with TNBS at both 4°C or at 25°C, although the higher tem perature experim ent did have 
a slightly increased reaction rate.
Trypsin treatm ent. The data contained in Table I dem onstrate the sensitivity o f the base 
exchange and ethanolam inephosphotransferase enzymes to trypsin. T reatm ent with trypsin 
completely destroyed the m em brane-bound ethanolam inephosphotransferase activity in 
intact ER , but the ethanolamine and serine base exchange activities were retained after such 
treatm ent. These two base exchange enzyme activities were reduced by trypsin treatm ent in 
the presence o f sodium deoxycholate, apparently due to increased membrane perm eability to 
the trypsin. These enzyme activities were not affected by low concentrations of sodium 
deoxycholate treatm ent.
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Figure 5. The reaction o f total P tdE tn o f ER membranes with FDNB (») and TNBS (o). Each 





















Figure 6. Time dependence of the form ation of T N P-P tdE tn following the start of TNBS 
treatm ent. (A) base exchange reaction (B) CDP-ethanolam ine pathway (C) total P tdEtn. Each 


























Figure 7. Tem perature dependence of the form ation o f T N P-PtdE tn following the during 
TNBS treatm ent. Base exchange (A) and the ethanolaminephosphotrasferase (B) reactions. 






























Table 1. E ffects o f preincubation o f castor bean 
endosperm  m em branes with trypsin on ethanolamine 
and serine base exchange enzymes, and CDP-ethanolam ine: 
1,2 diacylglycerol ethanolam inephosphotransferase.




Ethanolamine 0.172+0.012 0.188+0.031 0.168+0.017 0.053+0.027
serine 0.114+0.009 0.118+0.003 0.110+0.041 0.017+0.010
Ethanolamine 3.061+0.037 0 3.015+0.008 0
phosphotrans­
ferase
A ctivity is expressed as nmol incorporated in 30 min by ER. Pretreatm ent was oy 
trypsin for 30 min at 30°C. Sodium deoxycholate concentrations were 0.05%. Values 
are an average of three d ifferen t experiments.
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DISCUSSION
The localization o f membrane PtdEtn form ed by the nucleotide pathway and base exchange 
reactions has been determ ined via chemical probes. The PtdE tn synthesized by the base 
exchange reaction was found to be very asymmetric in its distribution between inner and 
outer ER  leaflets, as were the products of the CD P-ethanolam ine pathway. In both cases 
PtdE tn was concentrated in the outer leaflet of the ER membrane bilayer. Indeed, the total 
P tdE tn pool o f the ER m em brane was found to be asymmetrically d istributed, which is in 
agreem ent with the result of Cheesbrough and Moore (1). These conclusions are consistent 
with the data o f Corazzi et al (8), who observed that the distribution o f PtdE tn form ed by a 
base exchange reaction in rat brain microsomes was prim arily localized in the cytoplasmic 
leaflet o f the vesicles.
A portion o f the membrane PtdE tn is not exposed to the probe except when the membrane 
is fully disrupted by the addition of detergent. In previously experim ents sim ilar results were 
obtained and interpreted as probable shielding o f the Ptdetn molecules by proteins (22, 23). 
Our results indicated that the shielding of PtdEtn formed by the CDP-ethanolam ine pathway 
was 2-fo ld  greater than that o f those formed by the base exchange reaction (15% as compared 
to 8%, respectively).
In order to investigate the localization o f lipids it is necessary to check that the 
nonpenetrating reagent reacts only with the lipid o f the outer layer o f the membrane. The 
results in Figures 6 and 7 indicate that under our conditions the ER membrane was not 
penetrated by TNBS. Grodesky and M arinetti (24) also reported that TNBS was 
nonpenetrating in erythrocyte membranes. In addition, it has been dem onstrated that mixed 
phospholipid vesicles were im permeable to TNBS at d ifferen t tem perature (15), and we have 
found this to be the case with our ER vesicles. In contrast, Rothman and Kennedy (4) 
reported that TNBS could not cross the membranes o f Bacillus megaterium  at 3°C, but slowly 
entered the cells at 15°C. The discrepancy over the membrane penetrating nature of TNBS 
very likely depends strongly on experim ental conditions.
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The location o f the key enzymes w ithin the ER membrane vesicles was studied by analyzing 
the sensitivity o f the enzyme activity to trypsin. Trypsin, along with low concentration of 
sodium deoxycholate, has been used for determ ining the distribution o f enzymes in 
m em branes (12). Trypsin ordinarily does not readily penetrate the mem branes, but does have 
access to the inner surface in the presence o f concentrations o f sodium deoxycholate 
sufficiently  low to avoid disrupting the enzyme activities o f the membranes (15). We found 
the ethanolam inephosphotransferase to be strongly sensitive to treatm ent with trypsin, but 
neither the ethanolamine nor serine base exchange enzymes were affected  w ithout addition 
o f detergent. These results indicate that the ethanolam inephosphotransferase is located on the 
cytoplasmic side, while the two base exchange enzymes are in the lumenal side o f the ER. 
These results are in agreem ent with those previously reported on the effects o f trypsin on 
base exchange enzymes in ra t microsomes (7). If  this conclusion is correct, the question arises 
as to how substrates o f the base exchange reactions are obtained by the enzymes. In vivo 
production of ethanolam ine and serine is thought to be located in the cytoplasm (26) and the 
occurrence o f the base exchange enzyme on an inside surface o f a closed, semipermeable 
m em brane m ight lim it accessibility. This problem may be resolved by the fact that there 
appears to be some interaction between the outer lipid bilayer o f the ER mem brane and the 
base exchange enzymes. In other words, some portions o f the molecules may extend far from 
the active site, perhaps reaching the outer layer o f mem brane (27). Buchanan and K anfer (7) 
reported that phospholipase C disrupted membranes influenced base exchange activities, even 
though the base exchange enzyme are located on the inside o f rat brain microsomes and the 
experim ents were perform  under the conditions when the phospholipases could not penetrate 
the microsomes (28). Therefore treatm ent o f phospholipase probably affected only the outer 
leaflet o f membranes where some parts o f the base exchange enzymes were exposed. It is 
possible that these portions of the enzymes are involved in obtaining the substrates, but are 
resistant to trypsin.
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Figure 8. Proposed model o f synthesis o f PtdE tn in castor bean endosperm by 
ethanolam inephosphotransferase (1; The nucleotide pathway) and the base exchange enzyme 
(2). The substrates of both enzymes were located in the cytoplasm, but the locations of 
enzymes for each pathway are d ifferen t. The ethanolam inephosphotransferase is located on 
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Since most o f the products form ed by the ethanolamine base exchange reaction are located 
in the outer leaflet o f the mem branes, this leads to the suggestion that the product, P tdEtn, 
is rapidly (within an hour) translocated from  the lumenal surface to the outer leaflet o f the 
membranes. The products of both biosynthetic pathways o f P tdE tn were located in the outer 
surface o f the ER m em brane, but the locations o f the enzymes based on trypsin inhibition 
are d ifferen t (Fig. 8). Thus, it would appear that there is no significant relationship between 
the location o f the enzymes and o f their products in the lipid bilayer o f ER membrane. It also 
seems that the asymmetry o f the mem brane bilayer does not originate from  an unequal 
distribution o f phospholipid synthetic enzymes, but from  some other mechanism. Other 
possibilities which m ight be considered are transm em brane movement or transport of lipids
93
LITER A TU RE CITED
1. Cheesbrough TM, TS Moore 1983 Peroxisome biogenesis. In Huang AHC, RN Trelase, TS 
Moore, eds, Plant peroxisomes. Academic Press, New York, pp 167
2. V erkleij AJ, RFA Zwall, B Roelofsen, P Com furus, D K astelijin , LLM Van Deenen 1973 
The asymmetric distribution o f phospholipids in the human red cell membrane: a 
com bined study using phospholipase and freeze-etch electron microscopy. Biochim 
Biophys Acta 323:178-193
3. Nilsson OS, F  Dallner 1977 Transverse asymmetry o f phospholipids in subcellular 
membrane o f rat liver. Biochim Biophys Acta 464:453-458
4. Rothman JE , EP Kennedy 1977 Asymmetrical distribution o f phospholipids in membrane 
o f Bacillus megaterium. J Mol Biol 110:603-618
5. Rothm an JE , J Lenard 1977 M embrane asymmetry. Science 195:743-753
6. Cheesbrough TM , TS Moore 1980 Transverse distribution of phospholipids in organelle 
membranes from  Ricinus comminus L var. Hale endosperm Plant Physiol 65:1076-1080
7. Buchanan AG, JN K anfer 1980 Topographical distribution o f base exchange activities in 
rat brain subcellular fractions. J Neurochem 34:720-725
8. Corrazi L, L Binaglia, R  Roberti, L Freysz, G A rienti, G  Porcellati 1983 
Com partm entation o f membrane phosphatidylethanolam ine formed by base-exchange 
reaction in rat brain microsomes. Biochim Biophys Acta 730:104-110
9. D epierre JW, L Ernster 1977 Enzyme topology of intracellular membranes. Annu Rev 
Biochem 46:201-262
10.Dawidowicz EA 1987 Dynamics of membrane lipid metabolism and turnover. Annu Rev 
Biochem 56:43-61
11.Kornberg RD, Mcconnell HM  1971 Inside-outside transposition o f phospholipids in 
vesicule membrane. Biochem 11: 1111-1120
12. D epierre JW, L Ernster 1977 Enzyme topology of intracellular membranes. Ann Rev 
Biochem 46:201-262
94
13.Etem adi AH 1980 M em brane asymmetry. Biochim Biophy Acta 604:423-475
14. K am p OD 1979 Lipid asym m etry in membranes . A nnu Rev Biochem 48:47-71
15.Litm an BJ 1974 D eterm ination o f m olecular asymmetry in the phosphatidylethanolam ine 
surface distribution in mixed phospholipid vesicles. Biochem 13:2844-2848
16. Lord JM , T  Kagawa, TS M oore, H Beevers 1973 Endoplasm ic reticulum  as the site of 
lecithin form ation in castor bean endosperm. J Cell Biol 57:659-667
17.Sparace SA, LK Wagner, TS Moore 1981 Phosphatidylethanolam ine biosynthesis in castor 
bean endosperm. Plant Physiol 67:922-925
18. M arinetti GV, R Love 1976 D ifferential reaction o f cell mem brane phospholipids and 
protein with chemical probes. Chem Phys Lipids 16:239-254
19. Bligh EG, WJ Dyer 1959 A rapid method o f total lipid extraction and purification. Can 
J Biochem Physiol 37:911-917
20. D uck-Chong CG 1979 A rapid sensitive method for determ ining phospholipid phosphorus 
involving digestion with magnesium nitrate. Lipids 14:492-497
21. Bradford MM 1976 A rapid and sensitive methods for the quantities o f protein utilizing 
the principle of protein-dye binding. Anal Biochem 72:248-254
22. Vale MGP 1977 Localization o f the amino phospholipid in sarcoplasmic reticulum  
membranes revealed by trinitrobenzene sulfonate and fluordinitro-benzene. Biochim 
Biophys Acta 471:39-48
23. M etcalfe JC, JP Bennett, T R  Hesketh, MD Houslay, CA Smith, GB Warren 1976 The 
lateral organization o f lipids around a calcium transport protein: Evidence for a 
phospholipid annulus that modulates functon. In  Y H atefi Ldjaradi-B haniance, eds, The 
structural basis o f membrane functions. Academic Press, New Y ork, pp57-67
24.G ordesky SE, GV M arinetti 1973 The asym m etric arrangem ent of phospholipids in the 
hum an erythrocyte m embrane. Biochem Biophys Res Commun 50:1027-1031
25.K reibich  G , P Debey, DD Sabatini 1973 Selective release o f content from  microsomal 
vesicles w ithout membrane disassembly. J Cell Biol 58:436-462
26. Hanson A A, NA Scott 1980 Betaine synthesis from  radioactive precursors in attached
95
w ater-stressed barley leaves. Plant Physiol 66:342-348
27. Nilsson OS, G Dallner 1977 Enzyme and phospholipid asymmetry in liver microsomal 
membranes. J Cell Biol 72:568-583
28. K lein R , N M iller, H Laser 1975 The activation of phospholipase C from  Clostridium  
welchii by quinine. Chem Phys Lip 15:15-26
CHAPTER V 
G EN ERA L CONCLUSIONS
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Results1 o f this study dem onstrate that ethanolamine base exchange reactions can be 
responsible for the biosynthesis of phosphatidylethanolam ine in castor bean endosperm. 
Comparisons between the characteristics o f ethanolamine and serine base exchange enzyme 
has shown that these enzymes have many common characteristics. Some general characteristics 
o f both enzymes are summarized in Table I.
Purification o f the ethanolamine and serine exchange enzymes be required in order to 
determ ine preferences for substrate and regulation of activity. U nfortunately , our attem pts 
to purify  this enzyme were unsuccessful due to instability o f the enzyme after the detergent 
treatm ent necessary to remove enzyme from  its native mem brane environm ent. Some 
reconstitution o f the enzyme could be obtained by the addition o f an exogenous phospholipid, 
such as asolectin but this did not work fo r purifications beyond a certain stage. More 
inform ation about which components o f asolectin are im portant for functional reconstitution 
of the detergent solubilized enzyme may aid in improved reconstitution.
Com partm entation o f synthesis o f phosphatidylethanolam ine is complex, apparently 
involving translocation of phosphatidyl-ethanolam ine afte r synthesis. Base exchange reaction 
enzymes are on the inner surface of the endoplasmic reticulum  m em brane, while most of its 
product appears in the outer surface within one hour. The nucleotide pathway, represented 
by CDP-ethanolam ine: 1,2 diacylglycerol ethanolam inephosphotransferase, is associated with 
the cytoplasmic side o f the ER , as is most of its product. These results suggest that the 
asym m etric distribution o f lipids in various membranes is more likely related to redistribution 
o f the lipids after their synthesis rather than specific locations of the lipid synthesizing 
enzymes.
The regeneration of enzyme activity in the purified  enzyme and the physiological role of 
ethanolam ine base exchange reaction are im portant themes fo r fu rther research.
1. Specific conclusions regarding the research reported in this dissertation may be found in 
the results and discussion sections of each o f the preceding chapters.




B uffer 200 mM HEPES 40 mM HEPES 
Cation requirem ent Ca2+ Ca2+
Vmax nm °l h ’1 m g '1 1.7 nmol h '1 m g’1
K m  5 uM 116 uM
Inhibitor Serine Ethanolamine
Inhibition type Noncompetitive Noncompetitive
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